Abstract: Magneto-optical (MO) composites with excellent Faraday rotation (FR) response were fabricated using iron platinum (FePt) nanoparticles (NPs) and polystyrene-block-poly (2-vinyl pyridine) (PS-b-P2VP) block copolymers (BCPs). Gallic acid functionalized FePt NPs with average core diameters (dcore) of 1.9, 4.9, 5.7 and 9.3 nm have been selectively incorporated into a P2VP domain through hydrogen bonding interactions. The use of copolymer templates to selectively arrange the magnetic NPs guaranteed high MO performance with little trade-off in terms of scattering loss, providing a simple strategy to prepare functional materials for MO applications. As a result, Verdet constants of a 10 wt % loaded 4.9 nm FePt NP composite reached absolute magnitudes as high as ~-6 × 10 4 °/T-m at 845 nm, as determined by FR measurements at room temperature. At the same time, the MO figure-of-merit was as large as −25 °/T in these composites, indicating both excellent MO performance and transparency. The dependence of the nanocomposite FR properties on particle diameter, loading (from 0.1 wt % to 10 wt %) and composite nanostructure were systematically investigated at four infrared wavelengths (845, 980, 1310 and 1550 nm Herranz, "Magnetophotonic response of three-dimensional opals," ACS Nano 5(4), 2957-2963 (2011). 12. J. C. Suits, "Faraday and Kerr effects in magnetic compounds," IEEE Trans. Magn. 8(1), 95-105 (1972 219-223 (1992) 3771-3774 (2015). 67. D. P. Song, C. Li, N. S. Colella, W. Xie, S. Li, X. Lu, S. Gido, J. H. Lee, and J. J. Watkins, "Large-volume selforganization of polymer/nanoparticle hybrids with millimeter-scale grain sizes using brush block copolymers," J.
Introduction
Magneto-optical (MO) materials have numerous high-end photonic applications in optical isolators and circulators, optical switches, high performance magnetic field sensors and satellite navigation systems [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Faraday rotation (FR) is one of the most important MO phenomenon, in which the applied magnetic field changes the polarization plane of propagating linearly polarized light by inducing a circular birefringence [1] [2] [3] 7, 12] . For materials with negligible light absorption, the FR performance is determined by the Verdet constant (V) in units of °/T-m. The polarization rotation angle (θ) is proportional to V multiplied by the propagation length (L) under unit field (B) (θ = VBL).
Verdet constant depends strongly on wavelength, temperature and intrinsic material properties. The macroscopic response is determined by the interaction of the magnetic field with the net volumetric magnetic moment within the optical path, whereas the magnetic moment itself is determined by the inherent electronic structure and composition of the material. The strength of allowed MO transitions and relative alignment of molecular orbitals among different elements within a composite determine whether the response is diamagnetic, paramagnetic or ferromagnetic responses, with the resulting V differing from the sum of the individual contributions [12] .
Transparent materials with large FR response at room temperature have been of great interest over the last few decades [13] [14] [15] [16] [17] [18] [19] [20] [21] . Acceptable MO performance in a composite generally requires the dispersion of a large volume fraction of MO nanoparticles, which often leads to light losses through scattering, thereby decreasing transparency and useful FR response [22, 23] . Today's benchmark MO materials include ferromagnetic terbium gallium garnet (TGG, Tb 3 Ga 5 O 12 ) [24] [25] [26] [27] [28] and bismuth (Bi) doped yttrium iron garnet (Bi:YIG, Y 2 Fe 5 O 12 ) [29] [30] [31] [32] [33] , targeting visible and near infrared (NIR) regimes, respectively. However, this family of materials containing rare-earth elements is usually produced as single crystals in order to achieve millimeter-scale path lengths for excellent MO performance [27, 29, 31] . The high processing costs associated with high-quality crystal growth and limited achievable film thickness have restricted their broader utilization [26, 32, 33] .
Recently, composites using magnetic nanoparticles (MNPs) dispersed in organic matrices have offered an alternative low-cost method for generating MO materials [34] [35] [36] [37] [38] [39] . Properly surface modified paramagnetic nanofillers, together with selected photomonomers, have resulting in thin film composites with good transparency [40, 41] . To balance the trade-off between high NP loading and decreased transparency, the small particle scattering loss need be taken into consideration and alleviated. For small particles, much smaller than the wavelength of light, Rayleigh scattering predominates; large scattering can arise when there are substantial (> 0.1) differences between the refractive indices of the polymer matrix and inorganic NP. In this case, it is a necessary to use small NPs (< 20 nm) that are evenly distributed in a pore-free polymer matrix [22, 23] . The transmittance of the film follows Beer's law, which is exponentially dependent on both NP concentration and propagation length. Taken together, fine control of the NP fill fraction and dispersion, as well as film thickness, are essential to guarantee adequate film transparency.
Various systems including MNPs and silica sol-gel porous matrix blends [36, 37, [42] [43] [44] , plasmonic enhanced shell MNPs [38, 39, [45] [46] [47] [48] , and homopolymer stabilized core-shell MNP composites [34, 35, [49] [50] [51] have been studied to understand both their scattering mechanisms and MO performance. Despite the high Verdet constants achieved in some of these composites, the resulting scattering from porous matrices produced by sol-gel methods [36, 37, 42] or aggregation of large NPs at higher concentrations [34, 50] still limit the FR application of these materials at realistic length scales. Thus, it is essential to find other strategies that give uniform MO composite materials with precise control over the particle distribution and balance light losses and concentration of MO species.
Block copolymer (BCP) directed self-assembly of NPs with attractive physical qualities offers a "bottom-up" and innovative avenue for producing MO composite materials [52] [53] [54] [55] [56] [57] [58] . BCPs can microphase segregate into versatile periodic structures at the nanoscale, with facile control over the volume fraction and chemical nature of the two blocks [59] [60] [61] [62] [63] . Strong NP/BCP interactions have been shown to selectively integrate functional NPs into specific domains with desired size, filling fractions, and building block directions [64] [65] [66] [67] [68] [69] [70] . Resulting hybrid materials, with improved electric and optical properties, have been utilized in organic field effect transistor [71] and polymeric Bragg mirrors [72, 73] .
As the critical MO component in hybrid materials, iron platinum (FePt) NPs are of great interest due to their excellent chemical stability and demonstrated applications in high-density magnetic storage, bio-sensing and therapeutics [74] [75] [76] [77] . Simultaneous synthesis and surface modification of size controlled FePt particles with diameter less than 10 nm allowed the construction of paramagnetic materials displaying unique size dependent properties [78] [79] [80] [81] . Copolymer templates can selectively arrange the NPs to reduce light scattering and improve FR response by permitting control of the NP filling fraction and distribution. To date few efforts have been directed toward MO material fabrication using selective arrangement of nanoparticles into a BCP template.
In this work, we demonstrated a solution processable method to prepare MO materials with high Verdet constants at room temperature by integrating FePt NPs into a polystyreneblock-poly (2-vinyl pyridine) (PS-b-P2VP) template, as shown in Fig. 1 . NPs with core diameters (d core ) from 1.9 to 9.3 nm were synthesized and modified with gallic acid (GA) to enable hydrogen-bonding interactions with the P2VP domains. The selective distribution of particles in the P2VP domain at the nanoscale reduced scattering and achieved large Verdet constants in conjunction with improved transparency compared to conventional composites. We systematically investigated the role of particle size, loading, and optical wavelength in the FR response of BCP based polymeric composites, thus demonstrating a new platform for high performance MO hybrid materials. 
Experimental

FePt NP synthesis and surface modification
FePt NPs with core diameters from 1.9 to 9.3 nm were synthesized and surface modified following established procedures [80, 81] . Typically hexane was removed from each 50 mg of as-prepared FePt NPs solution (10 mg/mL) under gentle nitrogen flow and 25 mg/mL GA (20 mL ethanol) solution was added immediately to the dried solids. The mixture was kept under sonication for two hours, and then left stirring overnight. The FePt-GA NPs were precipitated in a 200 mL 1:10 (v/v) ethanol/hexane mixture solvent with a neodymium magnet (2 inch × 2 inch × ½ inch, McMaster-Carr). Purified NPs were passed through a 0.2 μm PTFE filter and were stored in dimethylformamide (DMF).
Preparation of FePt NP/BCP blends
FePt NPs with different d core with varied concentrations (from 0.1%, 0.5%, 1%, 2.5%, 5%. 7.5% to 10 wt %) were mixed with freshly prepared PS (102 kg/mol)-b-P2VP (97 kg/mol) (Polymer Source, Inc. (Montreal, Canada), f P2VP ~48.7%, PDI~1.12) solution. The concentration of the blend solution was diluted to 2 wt % (10 mg solid content) with a mixture solvent of tetrahydrofuran (THF)/DMF (v T :v D = 7:3). The solution was then drop cast onto pre-cleaned glass slides (area ~1" × 3" inch square) and dried at room temperature. The films were then annealed in saturated chloroform vapor at room temperature for at least 2 days, and then slowly dried in air for 1 day.
Measurements
Transmittance electron microscopy (TEM) was carried out with a JEOL 2000FX (accelerating voltage of 200kV) to investigate NP size and composite morphology. The samples were prepared by dropping dilute NP solution onto a thin carbon film supported by a copper grid. The size distribution of NPs was analyzed for a sample size of 300-400 particles with standard image analysis software (Image J). Electron diffraction images of NPs were calibrated with gold deposited carbon film. Thermogravimetric analysis (TGA) was performed on TA Instruments Q500, and the weight fraction of the FePt metal core was measured from 20 ° C to 800 °C at 10 °C/min under an air purge flow. X-ray diffraction (XRD) was performed with a Panalytical X-pert X-ray powder diffractometer and X-ray reflectometer. The crystal structures of FePt NPs of varioius sizes were characterized with 5-10 mg FePt NPs powders with a 2θ scan from 30° to 110°. Vibrating sample magnetometer (VSM) measurements were performed on a Microsense EZ9 with FePt NPs copolymer composite films at room temperature. The obtained hysteresis loops from in-plane magnetization measurements are used to determine the particles' magnetization. Ultravioletvisible spectroscopy (UV-vis) was performed on a Cary 5000 UV-Vis-NIR spectrometer to characterize the film absorption coefficient as a function of wavelength in the same regions of the thin films sampled in the thickness and Faraday rotation measurements. Small angle X-ray scattering (SAXS) was carried out on a Ganesha SAXS-LAB and performed with the Cu Kα 0.154 nm line. Bulk film was carefully scraped and secured in the center of a washer with Kapton tape. Microtoming was performed on a Leica Ultracut UCT microtome at room temperature. Composite samples were prepared as 50 nm thin sections collected with carbon film on copper grids for microscopy, followed by subsequent iodine staining to increase P2VP domain contrast. Profilometry was performed on a Veeco Dektak 150 and the film thickness of dropcast film was determined by contact mode with a minimum of three scans per film.
Faraday rotation measurements. The Verdet constants were measured in a two-pass sinusoidal magnetic field driven homodyne apparatus using a NewFocus Nirvana 2017 autodifferential detector with efficient common-mode noise cancellation. This experiment is illustrated schematically in Fig. 2 . This detector employed in conjunction with a lock-in amplifier, allowed for accurate measurement of small Faraday rotations. Due to the nonreciprocal nature of Faraday rotation, such a two-pass setup generates twice the rotation for a given magnetic field and cancels any rotation effect present that is reciprocal in nature. Inherent anisotropy in FePt NPs copolymer composites may generate such reciprocal rotations of the polarization as a result of circular birefringence and scattering. The sinusoidal output from the internal oscillator of the lock-in amplifier, a Stanford Research Systems SR830, is fed into a home-built low-noise amplifier/solenoid driver to create 20 to 400 gauss of sinusoidal magnetic flux density at the composite film. The magnetic fields are calibrated periodically using a Hall probe ac gauss meter. A polarization controller consisting of a halfwave plate and a high extinction-ratio linear polarizer prepared the light in a known polarization state. After a non-polarizing beam splitter (NPBS), the light is passed through the sample twice, yielding a rotation of the linear polarization state of 2θ, where θ is directly proportional to the sample thickness, applied magnetic field, and Verdet constant. The light is then spatially separated into vertically and horizontally polarized components (denoted s and p) by a Wollaston prism, focused by a singlet lens, and detected with an auto-differential detector. The detector used here is an InGaAs (1000-1600 nm) based Nirvana autobalanced front-end receiver, Model 2017 from New Focus. The wavelengths used in these experiments are 850 nm, 980 nm, 1310 nm, and 1550 nm (all distributed feedback semiconductor diode lasers). Auto-balanced phase-sensitive detection is used to reduce common-mode laser noise reference correction. The measured rotation is generally recovered as a phase change, a ratiometric quantity, unlike the more common traditional polarimetric method, i.e., through a polarizer/rotating analyzer. The Mueller matrix treatment applied to the measurement described in Fig. 2 yields the time-varying part of the signal on the Wollaston prism as 0 sin t θ ω , with ω being the frequency of the magnetic field modulation. The Wollaston prism separates the two linearly polarized components, and the intensities falling on the two detectors can be described as: 
Here, n is the number of passes, and h and v denote horizontal and vertical states of polarization, respectively. Applying the Fourier-Bessel transform to the intensities falling on the differential detectors, leads to the following, in degrees: 
where θ 0 is the Faraday rotation and I is the measured intensity at the detector for the various polarization and modulation conditions. g i is the overall gain in signal-to-noise ratio during the measurements; using the Nirvana 2017 detector, in a typical measurement g i = 400. The sign of the rotation and hence that of the Verdet constant can be found by careful inspection of the phase determined by the lock-in amplifier with 180° of phase shift present between positive and negative rotations.
Results and discussion
FePt NPs synthesis and characterization
Four batches of FePt NPs were synthesized by reduction of platinum and iron precursors and the average dcore were measured as 1.9, 4.9, 5.7 and 9.3 nm with narrow size distributions. The TEM images and corresponding size distribution histograms are shown in Fig. 3 . After surface modification, the particles had fair stability in polar solvents (e.g. DMF) with no apparent aggregation, ensuring their selective dispersion in the P2VP domain. The particle geometry was observed to undergo a spherical to cubic transition as the particle core diameter increased, consistent with previous work [78, 80] . The core metal weight fraction of particles and the corresponding volume/filling fractions (f NP ) in the BCP were calculated and are provided in Table 1 . Among the composites, fNP ranged from 0.02% to 4.8% depending on particle size and loading. f NP was calculated with using the equation f NP = V NP /(V NP + V BCP ), in which V NP and V BCP referred to NP and BCP volumes accordingly, with the following known or estimated densities: PS-b-P2VP ~1.05 g/cm 3 , Fe ~7.8 g/cm 3 , Pt ~21.3 g/cm 3 and GA~1.7 g/cm 3 . Fe and Pt atoms pack at a 1:1 mole ratio based on the synthesis protocol [68, 81] . NPs with d core ~1.9 nm had comparatively high volume fraction due to insufficient GA stabilization for small FePt NPs; the excess free ligand was attributed to the low volume fraction compared to other samples. Because no apparent aggregation was observed in polar solvents, the particles are believed to have strong hydrogen bonding interactions with the P2VP domain. To further confirm the FePt MNPs structure, both electron and X-ray diffraction were conducted and indicated, as shown in Fig. 4 , face centered cubic (fcc) FePt lattice structures with characteristic peaks (111)/(200), (220)/(202) and (311)/(113). The strong and clear ring pattern in the electron diffraction spectra indicated high crystallinity of the FePt NPs. The identical 2θ angle, and the decrease of the full width at height maxima (FWHM) as the particles size increased agreed well with reported work [78] [79] [80] . 
FePt NPs/BCP MO composite
SAXS was used to determine the NP/BCP blend morphology and domain spacing (dspacing). Because paramagnetic materials are temperature sensitive, solvent annealing was adopted to avoid changes in the magnetic properties. As shown in Fig. 5(a) , the SAXS 1D profiles of the polymer showed an obvious primary peak at q* = 0.087 nm-1 suggesting phase separation of the composite with a d-spacing of 72 nm (d = 2π/q*). This primary scattering signal remained apparent upon the addition of NPs indicating a persistent strong phase segregation of NP/BCP blends. The value of q* shifted to a slightly lower value, indicating that sequestration of NPs began to swell the block. 5(c) show that GA capped FePt NPs had selective dispersion in the P2VP domain (dark area stained with iodine). The paramagnetic NPs arrays could be self-assembled into the linear BCP template with particles size less than 10 nm. Although high order reflection was not observed in the 1D spectrum, the TEM images confirmed that well-ordered lamellae morphology was obtained through solvent annealing. The absence of higher order peaks may result from chain entanglements of high molecular weight BCPs that lead to slow ordering dynamics or from background scattering signals generated from the NPs.
The magnetization of prepared FePt NPs/BCP composites were correlated with increasing core diameter of FePt NPs, shown in Fig. 6 . FePt NPs were paramagnetic at room temperature (298 K), consistent with previous studies. There were no differences in magnetization between in-plane and out-of-plane measurement geometries indicating isotropic bulk magnetization in these films. Usually, paramagnetic materials have induced fields along the direction of the applied field, and lose their magnetization upon removal of the field or at elevated temperatures. Paramagnetic NP/BCP composites, due to lack of coercivity, are ideally suited for MO magnetic field sensor applications, and the current study enabled us to choose candidate materials with maximum magnetization. Phenomenologically, the wavelength dependent FR was directly proportional to the available volume magnetization of the transducing material. 
Verdet constant measurement of NP/BCP composites
To determine the Verdet constant, the film thicknesses (L) of the composites were determined by surface profilometry. The FePt NP BCP composite films were prepared by drop-casting onto a 3" × 1" inch glass slide, resulting in long-range thickness variations. The spot size in the FR measurement setup is < 1mm 2 , and measurements were carried out on multiple spots on each film. Given that any error in the thickness measurement directly impacts the calculated Verdet constant, thickness was measured only on the 1mm 2 segment of film actually used for each of the FR measurements. Thicknesses and corresponding uncertainties were taken into account during Verdet constant calculations and constitute the error bars in data plots (see SI Table S2 ).
The Verdet constant (V = θ/BL) was determined through FR measurements, in which the total rotation angle of the polarized light, film thickness and applied magnetic field were measured. The FR performance contributed by the 1 mm thick glass substrate was accounted for at each wavelength in the NIR regime and the experimental values for the glass substrate were found to agree well with the existing literature ( The measured Verdet constants for FePt NP/BCP composites are listed in Table 3 . The Verdet constant of NP/BCP composites at 845 nm with 10 wt % loading and d core ~4.8 nm FePt particles was as high as −6.3 × 10 4 °/T⋅m. This value is comparable with that of BiYIG, with a measured Verdet constant of ~2-3 × 10 4 °/T⋅m at 700-800 nm. 29 The composite FR response also surpassed TGG, which has V was around ~8 × 10 3 °/T⋅m at 632 nm. 37 The Verdet constant of neat polymer film was measured as + 12 °/T⋅m at 980nm, thus the strong MO response of the NP/BCP composite is introduced by the addition of FePt NPs. Unlike single crystal materials, this high Verdet constant NP/BCP composite was prepared through a solution process, making versatile coating techniques and large area films on flexible substrates possible. The figure of merit FOM for MO materials in the unsaturated regime is given by
in which the Verdet constant (V) is divided by the absorption coefficient (α); the FOM accounts for the trade-off between Faraday rotation and optical loss. In Fig. 7 we plot the FOM vs. the number density of NPs, where the absorption coefficient was measured by UVvis spectroscopy and the number density of NPs was calculated according to size distribution and TGA data. FOM values are essential in determining the practical usefulness of materials for nonreciprocal MO devices as it includes information about optical loss. Materials with excellent FR performance but low light transmission can only be used in applications suitable for very thin films. The NP/BCP composites discussed above exhibited both relatively high value of V and FOM, indicating excellent MO response and transparency. For instance, the Verdet constants of most NP/BCP composites at 845 nm were 10 times larger than those of composites made by sol-gel methods, which provided a maximum V ~4000-5000 °/T-m near 680-780 nm [37, 44] . The maxima of FOM value of the 9.3 nm composite was as high as ~-27 °/T at 845 nm, 1.5 times higher than that of BiYIG single crystal at 760 nm [29] .
Clearly the MO properties of the particles provide the excellent FR performance as the FR response from neat BCP films was negligible. We also note the large values of the FOM for neat polymer with relatively low Verdet constant paired with extremely low absorption coefficient; this is a result of the definition of the FOM and would generally lead to device geometries with impractically long path lengths. In addition, Fig. 7 shows the change in magnetic behavior from the diamagnetic neat polymer to paramagnetic NP/BCP composite, accompanied by a V value transition from positive to negative sign. The nanostructure of the NP/BCP blends is believed to play a critical role in the MO performance due to the evident selective NP sequestration and consequent control over the particle distribution and aggregation compared to the homopolymer system [34] . The Verdet constant of homopolymer blend is 1-2 magnitude (see SI Table S1 ) lower compared to NP/BCP blends under the same measurement conditions, further supporting this picture.
There are several points to be noted with respect to the V and FOM values of the NP/BCP composites. First, paramagnetic materials typically show a negative V and FR dispersion strongly depends on their optical band gap, in the absence of which the FR response varies as λ −2 [3] . The FOM values for all the samples decreased at longer wavelengths, consistent with this theory. The Verdet constant decreased by 3-6 times from λ = 845 nm to λ = 1550 nm for FePt NP/blend samples. The wavelength dependence of the Verdet constant and the FOM was typical for polymeric composites, where the primary factor influencing the dispersion was the proximity and strength of the lowest energy NP absorption band. This simple dependence further points to the optical quality of the composites, since the performance is not dominated by Rayleigh scattering, which has a λ 4 contribution to the FOM. Secondly, the loading of NPs clearly played a role in determining FR performance. Although there were composite-to-composite variations in how the wavelength dependent Verdet constant changed with particle loading, the absolute values of FOM increased with number of density until saturation occurred. Specifically, the FOM values of d core ~5.7 and 9.3 nm composites saturated at very low number density at λ = 1550 nm, additional particle density failed to further increase the magnitude of the FOM of the composite. Usually, this type of saturation behavior for composites is attributed to aggregation of NPs and subsequent light losses from scattering. However, we observed that the Verdet constant increased more rapidly than the absorption coefficient with number density. We conclude that the earlier onset of saturation phenomenon for the larger particles may be attributed to the larger NPs more rapidly filling and less optimally packing the P2VP polymer domains with similar number density. This sub-optimal domain matching may also be a factor in the smaller absolute Verdet constants measured for films incorporating larger diameter NPs.
Finally, the particle size exhibits clear effects on the FR rotation response. Composites incorporating smaller NPs, such as 2 nm and 4.8 nm NP films, showed 1.5-2 times larger V than other samples at the same wavelength and loading, while also exhibiting comparable FOM values with similar number density. Considering the same volume fraction, smaller NPs usually had much higher number densities than the larger NPs, potentially leading to decreased inter-particle distance and increased scattering losses. As a result, FOM values at some wavelengths were comparable or even lower for small NPs composites than for larger NP composites, despite better absolute FR response.
In general, the BCP template offered periodic structure and strong NP/BCP interaction facilitating specific magnetic NPs distribution at the nanoscale with modest FePt nanoparticle surface modification. Through fine control over particle surface modification and distribution in specific domains, the directed self-assembly of BCP/NP blends exhibited significantly improved MO response and transmission. The solution processable method also enables the fabrication of functional hybrid materials by various coating techniques on flexible substrates, providing the possibility of roll-to-roll processing for large area MO devices applications.
Conclusions
We have demonstrated that the self-assembly of magnetic NPs and BCPs provides an effective strategy toward MO materials with Verdet constants up to ~10 4 °/T-m in the NIR regime at room temperature. The magnetic NPs introduced improved the FR performance, as neat polymer only had V~12 °/T-m under the same conditions. The Verdet constant of NP/BCP blends decreased with increased measurement wavelength, consistent with paramagnetic composite behavior. The hybrid material also exhibited saturation behavior and this phenomenon was attributed to increased optical scattering introduced by the higher particle concentrations in confined domains. In general, this method provides a simple route toward fabricating high-performance MO material through a solution process. By controlling the specific structure of the BCP templates and surface functionality of particles, these functional hybrid materials provide an exciting tool for a myriad of MO applications.
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